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Abstract
This study investigates the benefit of coating silicon-substrate microelectrode
arrays with hydrogel material for improved biocompatibility. Varying coating
thicknesses and hydrogel material descriptions were considered to determine
the impact on reducing strain in the surrounding brain tissue caused by relative
micromotion of the electrode. Finite element simulations were used to explore
biocompatibility by focusing on the longitudinal micromotion of an implanted
single electrode shank. The finite element model for the brain and electrode,
both with and without the hydrogel coating, remained constant. Three consti-
tutive models were considered to describe the brain and/or hydrogel material:
linear elastic, hyperviscoelastic, and fractional Zener. All combinations of these
three material descriptions were explored. The simulation results showed that
the constitutive model, electrode coating thickness, and the degree of microelec-
trode adhesion to the brain influenced the maximum principal logarithmic strain
and also the maximum electrode displacement. Biocompatibility was improved
as evidenced by a reduction in the magnitude of strain in the brain when (i) a
hydrogel coating was applied to the silicon electrode, (ii) the thickness of the
hydrogel coating was increased, and (iii) the brain adhered completely to the
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hydrogel coating. A decrease in microelectrode displacement may be a useful
metric for assessing an improvement in micromotion reduction.
Keywords: finite element method, neural prosthetics, biocompatibility,
biological tissues, hydrogels, electrodes
1. Introduction
Neural prostheses are used clinically in many medical applications, includ-
ing sensory functions and motor functions (Maharbiz et al., 2017; Cheung, 2007;
Hochberg et al., 2006; Rousche and Normann, 1992; Winter et al., 2007). Pa-
tients aﬄicted with movement disorders, such as tremor in Parkinson’s disease,
can opt for the deep brain stimulation (DBS) surgical procedure, which implants
neural electrodes in the targeted brain region and places the device that powers
the electrode in the chest area (Breit et al., 2004). To ensure that the targeted
brain area is identified by the neurosurgeons, the DBS surgical procedure can
be performed while the patient is fully awake.
The neural prostheses consist of metal electrodes (e.g., gold, iridium) that
can be supported on silicon substrates or polymer-based substrates, such as
polyimide (Maharbiz et al., 2017; Cutrone et al., 2015; Green et al., 2008; Kim
et al., 2004; Polikov et al., 2005). The Young’s modulus for silicon-substrates
and polyimide is 165 GPa and 3 GPa, respectively (Maharbiz et al., 2017; Lee
et al., 2005; Subbaroyan et al., 2005). The stiff silicon substrates are more
commonly used for microfabricating the electrodes due to established processing
techniques, although it is a brittle material compared with the flexible and
biocompatible polyimide (Cutrone et al., 2015; Cheung et al., 2007; Subbaroyan
et al., 2005).
On October 25, 2015, the National Geographic Channel in partnership with
Mental Floss aired a live video on U.S. television and globally in 171 countries
of a patient with Parkinson-related tremors receiving the DBS surgery (NGC,
2015). The surgery was a success; however, both short and long-term problems
can arise due to adverse interactions between the brain tissue and the implant
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such as nerve degeneration and inflammation (Jorfi et al., 2015; Polikov et al.,
2006). One source of these problems is the mechanical mismatch between the
implanted materials and neural tissue, which is complicated by relative micro-
motion between the brain tissue and the more rigid electrode material (Xiang
et al., 2016). The long-term performance of these electrodes can be increased by
using conducting polymer coatings, which have been shown to improve the bio-
compatibility of the electrode as compared with its silicon-substrate counterpart
(Jorfi et al., 2015; Grill et al., 2009; Harris et al., 2013; Kim et al., 2010).
Lee et al. (2005) applied the finite element (FE) method to investigate the
magnitude and distribution of strain around a single silicon electrode shank
that has been implanted in the brain. The effect of the strain field due to
varying degrees of coupling between the silicon electrode and the brain tissue
and different micromotion directions were also considered in the study by (Lee
et al., 2005). A prediction that application of a neuro-integrative coatings on the
silicon electrodes would decrease the total strain present in the brain was made
by Lee et al. (2005) without much detail. Our work expands on this prediction by
considering a FE model of a biocompatible hydrogel-coated silicon electrode and
the conditions that will yield a reduction of the inherent relative micromotion
and strain, for improved long term effectiveness. The hydrogel coating used in
the FE analysis is assumed to be conductive with mechanical properties that
mimic neural tissue.
Manufacturing hydrogel-coated electrodes is possible since conducting poly-
mers can be electrochemically grown on hydrogel scaffolds having mechanical
properties that are designed to mimic brain tissue (Kim et al., 2004). The in-
tegration of conducting polymers with hydrogels maintains the electrical func-
tionality of the electrode, while improving biocompatibility (Harris et al., 2013).
Green et al. (2012) developed a protocol for synthesizing these biocompat-
ible conducting hydrogels with electroactivity comparable to metal electrodes.
Hassarati et al. (2014) showed that the use of a biocompatible conducting hy-
drogel coating minimized scar tissue formation and fluid accumulation, which
improved the electrical performance of the interface between the tissue and neu-
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ral electrode.
Although silicon and polyimide-based substrates used for the neural elec-
trodes differ mechanically, one study (Subbaroyan et al., 2005) showed that
they both produced similar strain profiles in brain tissue due to longitudinal
micromotion. Thus, silicon-substrate electrodes were considered for this work.
A FE model was used to examine the effect of coating the rigid silicon elec-
trodes with varying soft hydrogel coating thicknesses. The effects of coating
stiffness and adhesion on strain reduction were also studied. For simplicity, the
FE model ignored the swelling ratios of hydrogels, which impact the pressure
exerted on the brain tissue. The antifouling nature of hydrogels which resist
adherence to surrounding tissues was also not considered in the FE model since
Rao et al. (2011) developed a technique and showed that an increase in the
hydrogel’s ability to adhere to neural tissue can be obtained by synthesizing
polylysine-modified poly(ethylene glycol) (PEG)-based hydrogels. The linear
elastic (LE), hyperviscoelastic (HV), which is a combination of hyperelastic and
linear viscoelastic (Miller, 1999), and fractional Zener (FZ) (Bentil and Du-
paix, 2014; Davis et al., 2006) constitutive models were used to describe the
mechanical properties of both the brain tissue and hydrogel coating in the FE
simulations. For strain in the brain that is less than 5%, the LE model can
be considered over biofidelic constitutive models due to its simplicity in imple-
mentation of the linear stress-strain response (Bentil and Dupaix, 2014; Miller,
1999). The LE constitutive model can capture the elastic behavior of the brain
tissue, but is limited in its ability to accurately describe the non-linear response
of the brain at higher strains and for varying strain-rates. Hyperelastic models
can capture the nonlinear stress-strain relationship of the brain tissue due to
an external load, such as compression, but not the strain-rate dependence of
the brain tissue. Viscoelastic constitutive models (e.g. FZ and HV) contain
both elastic and viscous components, which are needed to describe the brain’s
nonlinear stress-strain response, strain-rate dependent properties, and hystere-
sis. Thus, the FZ or HV constitutive model is ideal to accurately model the
mechanical response of brain tissue and hydrogel coating, when compared to a
4
linear elastic or hyperelastic constitutive model. The silicon portion of the elec-
trode was modeled throughout using a linear elastic material model to describe
the mechanical behavior.
The results of this work will add to the sparse body of experimental and
modeling literature for soft biological tissues. Furthermore, it can be used to
develop a robust system model for the fabrication of a prototype hydrogel-coated
neural electrode implant.
2. Method and Theory
Finite element simulations were performed using the software package ABAQUS
CAE (ABAQUS, 2011) to simulate the effect of electrode coating thickness on
reducing the strain present in the cerebral cortex. The FE simulations focused
on the implanted electrode and also the region of the cortex closest to this elec-
trode tip. To reduce computational time, only a quarter symmetric section of
the brain-electrode aggregate was modeled.
2.1. Constitutive Model Coefficients
Linear elastic properties applied in our FE model for the brain and silicon-
substrate electrode were provided by Lee et al. (2005). Simulations involving
optimized linear elastic constants using low strain rate pig brain experimental
data from Bentil (2013) were also performed. The linear elastic constants of the
nearly incompressible brain described in the study of Lee et al. (2005) had a
Young’s modulus of 15 kPa and a Poisson’s ratio of 0.49. A Young’s modulus of
1696 Pa and a Poisson’s ratio of 0.49 were the optimized linear elastic coefficients
for pig brains using data from Bentil (2013). The aforementioned linear elastic
material constants for the brain tissue were also used when describing the LE
hydrogel coating, in our work. The silicon-substrate electrode material constants
had a Young’s modulus and Poisson’s ratio of 165 GPa and 0.22, respectively
(Lee et al., 2005). In all simulations, the silicon-substrate electrode was assumed
to behave linear elastically.
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Assuming that the brain is an isotropic material, a relationship between
the Young’s modulus and initial shear modulus can be made using Poisson’s
ratio. The calculated shear modulus for the porcine brain using Bentil (2013)
constants and equation (1) is 0.57 kPa. This value is comparable to reported
initial shear modulus values in the literature for low strain rate experiments on
pig brains, which range between 0.2 kPa - 1.8 kPa (Donnelly and Medige, 1997;
Miller and Chinzei, 2002; Prange and Margulies, 2002).
µ0 =
E
2 (1 + ν)
, (1)
where µ0 is the shear modulus, E is the Young’s modulus, and ν is Poisson’s
ratio.
Miller (1999) applied their hyperviscoelastic (HV) constitutive model to de-
scribe the mechanical behavior of swine brain tissue at low strain rates. They
also used an axisymmetric two-dimensional (2D) finite element model to simu-
late swine brain being subjected to unconfined compression tests. The analysis
for our study required three-dimensional (3D) elements. Verification was per-
formed, prior to application of the HV model with the brain-electrode finite
element analysis, to ensure that application of this constitutive model using 3D
elements would yield the same results as the 2D case. Table 1 lists the material
properties used to describe the brain when the HV constitutive model was con-
sidered. These constants were also applied to the hydrogel coating for the HV
case.
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Table 1: Coefficients for the hyperviscoelastic (HV) material model used to describe the brain
and/or hydrogel coating provided by Miller (1999).
Hyperelastic Viscoelastic
C100 = C010 = 263 (Pa) t1 = 0.5 (s) t2 = 50 (s)
C200 = C020 = 491 (Pa) g1 = 0.450 g2 = 0.365
C110 = 0 (Pa) k1 = 0 k2 = 0
D1 = D2 = 0
The hyperelastic constants C100, C200, and C110 describe the instantaneous
elasticity of the material, while the D1 parameter introduces compressibility into
the model if volumetric test data is available. The time dependent behavior is
described by the viscoelastic parameters of table 1. These parameters include
two time constants (t1 and t2), relaxation coefficients (g1 and g2), and bulk
coefficients (k1 and k2) that are set to the value zero due to the assumption of
incompressibility.
Implementation of the 3D FZ model in ABAQUS is based on the work by
Enelund et al. (1999) and Gil-Negrete et al. (2009). A user defined subroutine
(UMAT) was written using the software FORTRAN to describe the FZ con-
stitutive model. The algorithm required the decomposition of the stress and
strain tensors into their volumetric and deviatoric parts. Additional details of
the UMAT algorithm for the FZ model can be found in Appendix A. The coeffi-
cients of the FZ constitutive model for the brain were obtained from a previous
study by Bentil and Dupaix (2014). These FZ material constants are provided
in table 2 and were also applied to the hydrogel coating. The elastic property
is captured by the coefficient E. The relaxation time is described by the pa-
rameter τ . The fractional order (α) ranges between 0 and 1 for a viscoelastic
material (Bentil and Dupaix, 2014).
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Table 2: Coefficients for the fractional Zener (FZ) material model used to describe the brain
and/or hydrogel coating and other constants needed to implement the UMAT (Bentil and
Dupaix, 2014).
Fractional Zener
E∞ 442 (Pa)
E0 3520 (Pa)
τ0 7.62 (s)
αvolumetric 0.624
αdeviatoric 0.624
Poisson’s ratio (ν) 0.49
θ∗ 0.5
c0(α)
∗∗ 1
∗ θ specifies the implicitness of the integration in general form.
∗∗ c0 is the initial coefficient from truncation of Gru¨nwald’s algorithm of differential-
integration and is a function of α.
2.2. Geometry of the Brain and Electrode
Two different geometries were modeled for the FE simulations: brain and
electrode. The length, width, and height of the brain geometry was 1.5 mm,
1.5 mm, and 7.5 mm, respectively. For the present paper, FE simulations of the
electrode focused on only a single shank of the Michigan probe/electrode. The
Michigan probe/electrode (Drake et al., 1988; Hetke and Anderson, 2003) is a
commonly used silicon-substrate microelectrode array for chronic unit recording
in the cerebral cortex (Kipke et al., 2003; Lee et al., 2005). The shank of the
Michigan probe is the portion of the electrode that would be inserted into the
brain tissue. The geometry and dimensions of the shank are illustrated in figure
1 and were obtained from Lee et al. (2005). For simulations with a hydrogel-
coated shank (electrode), a single part consisting of the combined electrode and
coating geometry was modeled. This single part was then partitioned to yield
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two regions describing the silicon-substrate electrode and hydrogel coating ge-
ometry. Partitioning the combined electrode and coating geometry facilitated
the creation of a coating region on all of the external lateral surfaces of the elec-
trode; for the quarter-symmetric model shown in figure 1(b), this meant that
the left and back surfaces has a uniform-thickness coating created on the out-
side of the electrode at the desired thickness. Appropriate constitutive models
where then applied to the electrode and coating region. In all simulations involv-
ing hydrogel-coated electrodes, it is assumed that the coating has completely
adhered to the electrode (bonded case).
Kim et al. (2004, 2010) have successfully produced uniformly coated hydrogel
layers along the shank of the electrode probe with coating thickness ranging
between 5 µm and 200 µm. Using those values as a guideline, coupled with
the fact that acute injury increases with coating thickness, the finite element
simulations considered five coating thicknesses (5 µm, 10 µm, 20 µm, 40 µm, and
80 µm). The maximum coating thickness of 80 µm was selected since one study
showed that a coating thickness greater than 100 µm led to oxygen deprivation
of the growing neurons (Kim et al., 2004). Furthermore, recording quality was
not affected by the thickness of the hydrogel coating if the coating thickness was
under 100 µm (Kim et al., 2004, 2010).
2.3. Mesh and Analysis Procedure
FE simulations using either a linear elastic or FZ constitutive model to
describe the material behavior of the brain and/or electrode coating were mod-
eled using 10-node quadratic tetrahedron (C3D10) and 20-node quadratic brick
(C3D20) elements. A 10-node quadratic tetrahedron, hybrid, constant pressure
element (C3D10H) was used to describe brain tissue defined as hyperviscoelas-
tic (HV). A 20-node quadratic brick, hybrid, linear pressure element (C3D20H)
was used when the FE simulation considered a HV hydrogel coating. Since the
HV constitutive model includes a hyperelastic component, hybrid elements were
used to account for the nearly incompressible assumption for the brain and/or
electrode coating.
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Figure 1 illustrates the mesh used for both the brain and electrode.
(a)
61.5 µm
7.5 µm
2300 µm
600 µm
100 µm 16.5 µm
(b)
Figure 1: (a) Mesh of the quarter symmetric brain. (b) Schematic of the uncoated silicon
electrode shank (left) and corresponding mesh (right). Dimensions of the shank were obtained
from Lee et al. (2005). Loads are applied to the longitudinal direction (negative “Y” direction)
of the electrode shank, for simplicity in the FE model.
A “static, general” analysis procedure was used for all combinations of brain-
electrode models with material behavior classified as LE or FZ. Any simulation
requiring the use of the HV material to describe the brain or hydrogel coating
required the “visco” analysis procedure due to the inclusion of the viscoelastic
material properties. Nonlinear geometric effects were included for all simula-
tions.
2.4. Notation
Different combinations of constitutive models were possible to describe the
brain tissue and electrode, both with and without a hydrogel coating. Table 3
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highlights all possible combinations. The nomenclature for the brain-electrode-
coating system is as follows: the first two characters describe the model used for
the brain tissue. The next two characters describe the silicon-substrate electrode
and, if present, the final two characters indicate the material model used for the
coating.
Table 3: Nomenclature to describe the constitutive model applied to the brain, electrode, and
hydrogel coating.
Notation Description
FZ-Si Fractional Zener brain with silicon electrode (no coating)
FZ-SiFZ Fractional Zener brain with silicon electrode and fractional Zener coating
FZ-SiHV Fractional Zener brain with silicon electrode and hyperviscoelastic coating
FZ-SiLE Fractional Zener brain with silicon electrode and linear elastic coating
HV-Si Hyperviscoelastic brain with silicon electrode (no coating)
HV-SiFZ Hyperviscoelastic brain with silicon electrode and fractional Zener coating
HV-SiHV Hyperviscoelastic brain with silicon electrode and hyperviscoelastic coating
HV-SiLE Hyperviscoelastic brain with silicon electrode and linear elastic coating
LE-Si Linear elastic brain with silicon electrode (no coating)
LE-SiFZ Linear elastic brain with silicon electrode and fractional Zener coating
LE-SiHV Linear elastic brain with silicon electrode and hyperviscoelastic coating
LE-SiLE Linear elastic brain with silicon electrode and linear elastic coating
2.5. Surface Interaction Properties Describing Adhesive Behavior
Varying degrees of physical coupling between the surfaces of the coated and
uncoated electrode and brain were simulated to understand the effect of adhe-
sion on micromotion reduction. The case of nonexistent adhesion between the
electrode (coated/uncoated) and the brain was achieved by using a frictionless
interface between the electrode (coated/uncoated) and the brain tissue. A lin-
ear pressure-overclosure was assumed for the normal behavior, with a contact
stiffness of 0.00483. The contact stiffness value was obtained by adjusting the
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LE-Si finite element model such that the displacements obtained were compa-
rable with the results presented by Lee et al. (2005).
The same normal behavior described for the frictionless case was employed
with the friction coefficients (µ) ranging from 0.5 to 1.0. The tangential behavior
selected was a penalty friction formulation with an elastic slip tolerance value
of 0.85. Increasing the friction coefficient simulated an increase of physical
coupling between the brain tissue and the electrode (coated/uncoated). To
simulate a fully bonded case between the electrode (coated/uncoated) and brain,
a friction formulation was applied for the tangential behavior. The normal
behavior for these simulations considered a “hard” contact pressure-overclosure
where separation of the brain and electrode after contact was not allowed. A
penalty constraint was enforced using linear contact behavior with the same
stiffness value as the frictionless case.
2.6. Application of Load
The mechanical properties of the electrode must be stiff enough to survive the
forces it will experience during the insertion procedure. This may be achieved
by using a biocompatible polymer which dissolves in water, but is solid at room
temperature (Cheung, 2007). Therefore, the coating on the silicon-substrate
would begin as a rigid polymer and soften into a hydrogel after implantation.
The load application for our analysis was the same as that published by Lee
et al. (2005). Thus, it is assumed that the electrode has already been implanted
into the cerebral cortex. All loads are then applied to the top of the implanted
electrode, along the longitudinal direction (figure 1). In practice, the load is not
applied in the longitudinal direction because the electrode is fixed to the skull.
To facilitate comparison of results with Lee et al. (2005), it is assumed that the
electrode moves longitudinally and the brain is fixed. Motion in other direc-
tions are not considered in this analysis because the longitudinal micromotion
direction is dominant (Lee et al., 2005).
Brain micromotion is a continuous process that can arise from physiologi-
cal, behavioral, and mechanical sources such as respiration and cardiac rhythm,
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spontaneous head movements, and disturbances of the implant, respectively (Re-
ichert, 2008). This micromotion can then be translated into mechanical stresses
and strains in the brain region neighboring the electrode, which may lead to
compression, expansion, and tearing of the neural tissue (Reichert, 2008). For
simplicity, convenience in modeling, and comparison of our micromotion results
with published literature, an inverse load application was considered (Lee et al.,
2005; Zhu et al., 2011). Micromotion for the FZ-Si, HV-Si, and LE-Si finite
element model was simulated by imposing a 1 µN force (pressure = 0.002168
µN/µm2) to the top of the silicon electrode. The load was applied along the
longitudinal direction (negative “Y” direction), which is the dominant micromo-
tion direction of the brain (Lee et al., 2005). Lee et al. (2005) applied a load of 1
µN force (pressure = 0.002168 µN/µm2) to achieve physiologically realistic dis-
placements attributed to micromotion for LE-Si. To facilitate comparison with
the study by Lee et al. (2005), this paper will highlight results that considers a
1 µN force application. For hydrogel-coated electrodes, realistic displacements
and strain contour fields were achieved when a constant pressure of 0.002168
µN/µm2 (1 µN force) was applied to the top surface of only the silicon portion
of the neural electrode.
3. Results
3.1. Finite Element Model Validation
The fractional Zener (FZ) constitutive model was used to simulate uncon-
fined compression experiments performed by Bentil (2013) for verification of
the UMAT code. Taking advantage of symmetry, a 2D axisymmetric FE model
captured the cylindrical geometry of the brain tissue sample and impermeable
platen. The dimensions of the brain tissue samples were similar to those used
in the experiments by Bentil (2013). The purpose of this initial FE study
was to ensure that the physical experiment was modeled accurately using the
UMAT code for the fractional Zener constitutive model. FE model validation
was performed by comparing the resulting displacements and forces (or strains
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and stress) with that obtained experimentally. The FE results agreed with the
experimental data.
Lee et al. (2005) performed finite element simulations using the software
ANSYS Version 7.1 to analyze the strain fields due to simulated micromotion
of a single Michigan silicon-substrate microelectrode shank (LE-Si case). The
same simulations were performed using the software ABAQUS (ABAQUS, 2011)
for validation of the method. The von Mises strain and electrode displacement
results from our analysis were in agreement with the work by Lee et al. (2005).
Lee et al. (2005) represented the effective shear strain (εe) on the surfaces of
the symmetry planes of the brain tissue by using the von Mises strain described
by equation (2).
εe =
1
1 + ν
√
1
2
[
(ε1 − ε2)2 + (ε2 − ε3)2 + (ε3 − ε1)2
]
, (2)
where ν is Poisson’s ratio and the Principal strains are described by ε1, ε2, and
ε3. The software ABAQUS contains a built-in output variable called “maxi-
mum principal logarithmic strain”, which gives nearly identical results to what
was presented as von Mises strain in Lee et al. (2005). Because of the close
agreement, all strain contour plot results in what follows will use the maximum
principal logarithmic strain. The logarithmic strain in the contour plot legend
is denoted by “LE” and should not be confused with the abbreviation for linear
elastic.
3.2. Maximum Principal Logarithmic Strain
The maximum principal logarithmic strain for the silicon-substrate electrode
was negligible, due to the large Young’s modulus value for the silicon material.
This was not the case for the soft brain tissue and hydrogel coating. Therefore
the maximum principal logarithmic strain results will focus on the brain and
hydrogel coating, but not the silicon-substrate electrode.
Histograms were generated using the maximum principal logarithmic strain
to gain insight into the effect of electrode coating thickness and material choice
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on reducing the resulting strain caused by micromotion. The percentage of
elements was used to generate the strain histograms, but the elements in the
brain or electrode coating were of different sizes due to mesh refinement near
the electrode tip. Strain histograms using a volume percentage were considered
to assess whether the histograms plotted using the percentage of elements may
be skewed or yield a different trend. A comparison of strain histograms by
percentage of element and percentage of volume shows that the trend will be
similar, since the same mesh was used for all simulations. However, the plot
with the percentage of elements exaggerates the strain closer to the electrode
tip, due to the mesh refinement performed in this region (figure 2). For illus-
trative purposes, all future strain histogram plots will only consider percentage
of elements. To gain a better perspective of the strain in the brain and elec-
trode coating, both strain histograms and strain contour plots will be used to
illustrate the brain-electrode FE results.
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Figure 2: Maximum principal strain histogram comparison for the brain using LE-Si (constants
from Lee et al. (2005)) for (a) Percentage of Elements vs. (b) Percentage of Volume. The
insert in (b) is enlarged to show the values in the volume range from 0 to 3 percent.
16
3.3. Stress-Strain Curve
A FE analysis was performed to study the mechanical behavior of a cylin-
drical sample of brain tissue, when the top surface is subjected to a 5 mm/min
compressive rate and the tissue is described using the FZ, HV, or LE consti-
tutive model. Lagrange stress versus true strain curves were then generated to
capture the mechanical response. The Lagrange stress (or engineering stress) is
obtained by dividing the vertical force on the tissue’s top surface by the initial
cross-sectional area of the specimen. True strain (ε) is defined by equation (3).
ε = lnλ, (3)
where λ is the stretch in the vertical direction.
A plot of Lagrange stress versus true strain for the three material models
considered is illustrated in figure 3. The range of stresses for strains below 30% in
figure 3 can be achieved experimentally (Miller and Chinzei, 1997; Miller, 1999).
The LE stress-strain curves depicted by figure 3 were generated using both
(i) constants provided by Lee et al. (2005) and (ii) constants obtained by fitting
the LE constitutive model to the in vitro pig brain unconfined experimental
data of Bentil (2013). The fitted constants for Bentil (2013) correspond to
brain tissue that were tested less than 6 hours post mortem.
Following optimization of the coefficients using Bentil (2013) experimental
data, the nearly incompressible brain yielded a Young’s modulus of 1696 Pa and
a Poisson’s ratio of 0.49. This Young’s modulus value was approximately 9 times
softer than the coefficient used by Lee et al. (2005). For strains in the brain
less than 5%, the stress-strain curves of figure 3(c) show that the LE constants
by Bentil (2013) had a similar behavior to the FZ and HV material model and
the range of stresses (0 - 100 Pa) is representative of brains subjected to low
strain, unconfined compression experiments (Miller and Chinzei, 1997; Miller,
1999; Bentil, 2013).
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Figure 3: Stress-strain curves for the brain using FZ, HV, and LE constitutive models. (a)
Large strains and (b) Small strains. (c) Enlarged to show detail. Negative values imply
compression. LE material properties were from Lee et al. (2005) and based on experimental
data by Bentil (2013).
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The loads applied to the top surface of the neural electrode FE simulations
yielded strains in the brain tissue that were less than 5%. According to figure
3(b) or figure 3(c), such small strains imply that the simulation results using
the constitutive models described as FZ, HV, and LE (using constants based on
the experimental work by Bentil (2013)) for the brain and/or hydrogel coating
should be nearly identical. This was found to be the case across the varying
coating thickness and adhesive behaviors. Figures 4 and 5 shows strain contour
plots for FZ-SiFZ, HV-SiHV, and LE-SiLE (using brain constants by both Bentil
(2013) and Lee et al. (2005)) given a 5 µm and 80 µm hydrogel coating thickness,
respectively. Adhesive behavior ranging from frictionless to bonded are also
illustrated in both figures 4 and 5. When a frictionless or a friction coefficient
of 0.5 or 1.0 was considered, the shape of the strain distribution in the contour
plots was similar for a given brain-electrode aggregate. Furthermore, the largest
strains were located in the hydrogel coating closest to the silicon electrode tip.
Strains ranging from 1× 10−2 to 1× 101 were present around the electrode
tip and lower strains were obtained radially outward from the tip. For the
bonded case, the distribution of strain was along the length of the electrode.
The maximum principal logarithmic strain was in the 1× 10−4 to 1× 10−3
range. For cases where the brain or coating was described as FZ, HV, and
LE (via Bentil (2013) constants), higher strains between 1× 10−3 to 1× 10−2
were also present along parts of the electrode shank due to the softer material
description for the brain tissue. The histograms in figures 6 and 7 correspond
to the contour plots for FZ-SiFZ described in figures 4 and 5. Figures 6 and
7 represent data for the brain and hydrogel coating, respectively. In these
histograms, a decrease in the spread of strain due to increased adhesive behavior
is depicted. The strain ranges are skewed toward smaller values with increased
adhesive behavior. This trend was also present for HV-SiHV and LE-SiLE (using
constants for both Bentil (2013) and Lee et al. (2005)) and varying material
description combinations of the brain-electrode aggregate (e.g. FZ-SiHV and
HV-SiLE).
Strains for the brain or hydrogel coating described using linear elastic con-
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stants by Lee et al. (2005) were lower when compared with simulations using the
elastic modulus of the brain based on Bentil (2013) data. This was attributed
to the stiffer description of the tissue using constants by Lee et al. (2005). Ta-
ble 4 shows the average percent difference of maximum principal logarithmic
strain for LE-SiLE using the data presented in figures 4 and 5. The percent
difference was averaged across the four different adhesive conditions considered.
An increase in electrode coating thickness resulted in an increase of the per-
cent difference using the maximum value of the maximum principal logarithmic
strain.
Table 4: Percent difference of the maximum value of the maximum principal logarithmic strain
for LE-SiLE brain-electrode aggregate with a 5 µm and 80 µm coating thickness.
Coating Thickness Percent Difference
(%)
Brain Coating
LE-SiLE∗
5 µm 128 ± 33 133 ± 16
80 µm 155 ± 5 154 ± 3
∗ LE material constants provided by both Lee et al. (2005) and Bentil
(2013) were used for the percent difference calculation.
Comparable results for the maximum principal logarithmic strain histograms
and contours were obtained when the brain and hydrogel coating were described
using FZ, HV, and LE (via Bentil (2013) constants). To streamline the presen-
tation of results, in what follows, this paper will only highlight cases using the
FZ-model and not include the same result for HV or LE (via Bentil (2013)
constants), to eliminate redundancy. Unless otherwise mentioned, the LE con-
stitutive model results will be described using the constants provided by Lee
et al. (2005).
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Figure 4: Maximum principal logarithmic strain contour plots for both the brain and electrode
coating with a coating thickness of 5 µm. Each column corresponds to a brain-electrode
aggregate described as FZ-SiFZ, HV-SiHV, or LE-SiLE. The adhesive behavior varies by row.
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Figure 5: Maximum principal logarithmic strain contour plots for both the brain and electrode
coating with a coating thickness of 80 µm. Each column corresponds to a brain-electrode
aggregate described as FZ-SiFZ, HV-SiHV, or LE-SiLE. The adhesive behavior varies by row.
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Figure 6: Maximum principal logarithmic strain histograms of the brain for FZ-SiFZ. A
comparison between 5 µm and 80 µm hydrogel coating thickness is made for the adhesive
behavior described as (a) frictionless, (b) µ = 0.5, (c) µ = 1, and (d) bonded.
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Figure 7: Maximum principal logarithmic strain histograms of the electrode coating for FZ-
SiFZ. A comparison between 5 µm and 80 µm hydrogel coating thickness is made for the
adhesive behavior described as (a) frictionless, (b) µ = 0.5, (c) µ = 1, and (d) bonded.
3.4. Hydrogel-coated Electrode
As the electrode coating thickness increases from 5 µm to 80 µm, the per-
centage of elements in the higher maximum principal strain range decreases and
the percentage in the lower maximum principal strain range increases for the
brain (figure 6) and electrode coating (figure 7). This general trend was present
in simulations where the brain-electrode material description and adhesive be-
havior was held constant. This result suggests that coating the silicon electrode
reduces the strains present in the brain tissue. The higher strains that the brain
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would typically sustain are transferred to the hydrogel coating.
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Figure 8: Maximum principal logarithmic strain contour plots for both the brain and electrode
coating with a coating thickness of 40 µm. Each column corresponds to a brain-electrode
aggregate described as either FZ-SiLE or LE-SiFZ. The adhesive behavior varies by row.
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Figure 9: Maximum principal logarithmic strain histograms of the brain for FZ-SiLE and LE-
SiFZ. Lee et al. (2005) constants were used to describe the linear material and the hydrogel
coating thickness was 40 µm. The adhesive behavior is described as (a) frictionless, (b) µ =
0.5, (c) µ = 1, and (d) bonded.
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Figure 10: Maximum principal logarithmic strain histograms of the electrode coating for
FZ-SiLE and LE-SiFZ. Lee et al. (2005) constants were used to describe the linear material
and the hydrogel coating thickness was 40 µm. The adhesive behavior is described as (a)
frictionless, (b) µ = 0.5, (c) µ = 1, and (d) bonded.
When the brain-electrode material description and the electrode coating
thickness were held constant, but the adhesive behavior was allowed to vary,
there was minimal difference in the maximum principal strain for the following
adhesive conditions: frictionless, µ = 0.5, and µ = 1. There was a difference in
the maximum principal strain when a bonded adhesive condition was specified.
An example of this difference is illustrated by the strain contours of FZ-SiLE
and LE-SiFZ when a 40 µm coating thickness is considered (figure 8). Figures 9
and 10 are the histograms of figure 8 for the brain and electrode coating, respec-
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tively. The strain histograms for the brain tissue and electrode coating model
were always shifted to lower strain values and the spread of strain decreased
for the bonded case. Figure 11 uses the FZ-SiFZ brain-electrode description
as an example to illustrate that the strain contours are different between the
bonded case and non-bonded cases, with the bonded case showing strains more
uniformly distributed along the length of the electrode, regardless of the coating
thickness. As the thickness increases and the adhesive behavior approaches the
bonded case, the percentage of elements with higher strain values decreases.
This trend occurs for all brain-electrode material model combinations.
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Figure 11: Maximum principal logarithmic strain contour plots of FZ-SiFZ for both the brain
and electrode coating. The coating thicknesses range from 0 µm (uncoated) to 80 µm. The
adhesive behavior varies by row.
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Figures 8, 9, and 10 also highlight the influence of a soft material description
for brain given a stiff hydrogel coating (FZ-SiLE) and stiff brain tissue due to
a soft hydrogel coating (LE-SiFZ). As expected, the strain magnitudes in the
brain and coating were higher when a softer material description was considered.
Figure 8 suggests that the soft viscoelastic brain “senses” the stiffer linear elastic
hydrogel coating. This mechanical mismatch may explain the reason why the
strain contour distribution is not shifted toward the lower strain levels. Across
all adhesive conditions, the distribution of strain in the contour plots was smaller
when a stiffer material description was applied for either the brain or hydrogel
coating.
3.5. Maximum Electrode Displacement
The maximum electrode displacement was considered as a metric to quantify
the effect of coating thickness and adhesive behavior on micromotion. These
electrode displacement values can potentially be used to validate whether the FE
simulation results yield physiologically realistic micromotion given the chosen
material model for capturing the behavior of the brain tissue. Lower displace-
ments suggest an improvement in micromotion reduction.
Electrode displacements when the FZ, HV, or LE (via Bentil (2013) con-
stants) material descriptions were used for the brain or coating were similar in
magnitude, due to the simulations being conducted at small strains. Figure 12
illustrates this behavior by considering LE-SiLE (using Bentil (2013) constants)
and HV-SiFZ for a 20 µm hydrogel coating thickness. The adhesive behavior
was allowed to vary. The percent difference for the displacement of the electrode
in brain-electrode aggregates using FZ, HV, or LE (via Bentil (2013) constants)
for a given adhesive condition did not exceed 20%. As friction increases, the
total displacement of both coated and uncoated electrodes decrease due to in-
creased simulated adhesion with the brain tissue. This trend was present for
all electrode coating thicknesses. The displacement of the bonded brain to the
electrode was always less than 2 µm. When the adhesive behavior was held
constant, while the electrode coating thickness increased, there was a decrease
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in electrode displacement (figure 13). Modeling the hydrogel coating using the
linear elastic material constants provided by Lee et al. (2005) always yielded
smaller electrode displacements (figure 13) when compared with coating de-
scribed using FZ, HV, or LE (via Bentil (2013) constants). Examination of the
stress-strain curve (figure 3) confirmed that the magnitude of stress and strain
for the LE material (via Lee et al. (2005) constants) was always larger when con-
sidering strains even as high as 60%, due to the stiffer response from the large
Young’s modulus. This suggests that the linear elastic constants for the brain
provided by Lee et al. (2005) will yield underestimated finite element results for
both the strain and displacement, even when small strains are considered.
Electrodes without any hydrogel coating experienced the largest and small-
est displacement. The largest displacement value occurred when a frictionless
adhesive behavior was considered and the magnitude depends on the constitu-
tive model considered for the brain. The smallest electrode displacement was
obtained when the bonded adhesive condition was applied.
Given a 1 µN force, the maximum electrode displacement for LE-Si (using
elastic constants from Lee et al. (2005) and LE-Si (using Bentil (2013) constants)
with a frictionless adhesive condition was 16.5 µm and 42.4 µm, respectively.
A comparative study for LE-Si (using Bentil (2013) elastic constants for the
brain) showed that a pressure of 0.00089 µN/µm2 (0.41 µN force) was necessary
to yield a 16.5 µm electrode displacement for the frictionless adhesive behavior.
This displacement was physiologically realistic since it did not exceed 25 µm
(Lee et al., 2005). A lower force was needed to achieve the same electrode
displacement as Lee et al. (2005) due to the softer material description for the
brain tissue using the linear elastic material constants from Bentil (2013) data.
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Figure 12: Electrode displacement decreases with increased adhesion, regardless of coating
status. 20 µm hydrogel coating thickness for the electrode using (a) LE-SiLE via constants
from Bentil (2013) and (b) HV-SiFZ condition.
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Figure 13: Electrode displacement decreases with increased coating thickness, regardless of
coating status. (a) Uncoated case using FZ-Si and HV coating (FZ-SiHV) and (b) Uncoated
case using LE-Si and LE coating (LE-SiLE) via constants from Lee et al. (2005).
3.6. Effect of Variable Linear Elastic Stiffness Properties
The optimal hydrogel coating stiffness, from a design perspective, was ex-
amined by conducting simulations using the LE-SiLE brain-electrode aggregate.
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The LE brain in this model utilized material constants by Bentil (2013), for
simplification purposes. The Young’s modulus for the LE coating was varied to
study the incongruent stiffness constants between the brain and hydrogel coat-
ing. Since the FE simulations considered small strains (figure 3(c)), the results
would be interchangeable with cases where the viscoelastic FZ or HV material
model was used to describe the brain and hydrogel coating.
The effect of variable coating stiffness was analyzed using finite elements
by considering a frictionless adhesive behavior and a 40 µm hydrogel coating
thickness for LE-SiLE brain-electrode aggregate. The stiffness of the brain and
hydrogel coating were described using the Young’s modulus from the LE ma-
terial model. The hydrogel coating stiffness ranged from 1696 Pa to 100 kPa,
but the brain stiffness was held constant at 1696 Pa. The top of the implanted
electrode was subjected to a 16.5 µm displacement along the longitudinal di-
rection to examine the effect of coating stiffness. A study by Lee et al. (2005)
showed that a 16.5 µm displacement was within the range of physiological mi-
cromotion for the brain due to respiration. For comparative purposes, a 16.5
µm displacement was considered for the LE-SiLE brain-electrode aggregate.
As the hydrogel coating stiffness increased from 1696 Pa to 100 kPa, the
maximum principal logarithmic strain increased nonlinearly for the brain (fig-
ure 14(a)) and decreased nonlinearly for the hydrogel coating (figure 14(b)).
Increasing the coating stiffness (i.e. 1696 Pa) by a factor of 50 increased the
strain in the brain by 23% and caused a 90% strain reduction for the electrode
coating. Figure 14 captures this behavior using the maximum value for the
maximum principal logarithmic strain. A stiffer material description for the hy-
drogel coating did not improve biocompatibility but rather introduced strains
that were transferred to the brain tissue. However, stiffer electrode coatings
are still an improvement over the uncoated silicon-substrate (e.g. LE-Si) as
evidenced by lower strain magnitudes. The maximum value for the maximum
principal logarithmic strain in the brain when LE-Si (using Bentil (2013) con-
stants) subjected to a 16.5 µm displacement was 0.14. As the coating stiffness
increases (figure 14(a)), the maximum value for the maximum principal log-
34
arithmic strain is lower than the uncoated case, but is approaching the 0.14
value. When the hydrogel coating becomes much stiffer than the brain (less
than 3 times stiffer or greater than 30 times stiffer), there is a relatively small
change in the maximum strain for both the brain and hydrogel coating. This
suggests that there is a critical hydrogel stiffness beyond which the coating will
no longer effectively reduce the strain in the brain. The results indicate that
the optimal strain reduction occurs when the modulus for both the brain and
the hydrogel coating are comparable.
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Figure 14: Varying the hydrogel coating stiffness (via Young’s modulus) for LE-SiLE with a
frictionless adhesive behavior and a 40 µm hydrogel coating thickness. Maximum value of the
maximum principal logarithmic strain for (a) brain and (b) hydrogel coating.
3.7. Effect of Variable Load Applications
A study that considers different load applications was conducted to deter-
mine which interpretation is able to capture the strain distribution changes in
the brain tissue attributed to varying hydrogel coating stiffness properties. For
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this study, the material model, adhesive behavior, and hydrogel coating thick-
ness were held constant. Examples of the load application scenarios for the
electrode that were considered for identification of the optimal hydrogel coat-
ing stiffness for improved biocompatibility included: (i) the specification of a
constant electrode displacement into the brain tissue and (ii) application of a
constant pressure on the top of the electrode. The results showed that FE
simulations where displacement boundary conditions were applied are ideal as
strain changes attributed to varying hydrogel coating stiffness follow a realistic
trend (i.e. improved biocompatibility with softer hydrogel coating). Applica-
tion of a constant pressure or force to the silicon portion of the electrode shank
caused the maximum longitudinal displacement of the electrode and maximum
principal logarithmic strain for the brain and hydrogel coating to decrease with
increased coating stiffness. This result does not realistically capture the trend of
strain in the brain tissue due to variable hydrogel coating stiffness. However, it
does describe the response of the electrode coating when the stiffness is varied.
A stress-strain curve for three linear elastic materials with different Young’s
moduli can be used to explain why application of a constant pressure yields a
counter-intuitive result. Consider the stress-strain curves in figure 15, which fea-
tures three hypothetical materials. The Young’s moduli for the three materials
in ascending order are E1, E2, and E3.
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Figure 15: Stress-strain curve of three hypothetical linear elastic materials. Considering (a)
constant displacement (strain) and (b) constant force (stress). Line in red indicates section
considered.
For the constant electrode displacement case, consider taking a vertical sec-
tion from the stress-strain curve (figure 15(a)). Considering the intersection
points between the three stress-strain curves and the red section line, it is ob-
served that a smaller modulus yields a lower stress at a prescribed strain (or
displacement) value. This could be interpreted as an improvement in biocom-
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patibility due to a soft material description for the hydrogel coating. A constant
pressure (or force) application on the electrode is akin to taking a horizontal
section across the stress-strain curve (figure 15(b)). As the modulus of the ma-
terial decreases, larger strains will be experienced for a given applied load, or
stress. Since we are using strain (stress) reduction to assess biocompatibility, a
correlation that shows softer coating leads to larger strains implies a counter-
intuitive reduction in biocompatibility, but this is really an artifact created by
the choice to hold force (or pressure) constant.
3.8. Optimization Study to Identify Parameters for Improved Coated-Electrode
Design
An optimization study was conducted on the simulation data (full factorial
design) using the software JMP (JMP, 2015) to identify the optimal thickness
as a function of coating material and adhesive behavior that will result in the
smallest maximum strain in the brain tissue. First, a standard least squares re-
gression was applied to a linear fixed effect model. The R-Square value, which
is a statistical measure quantifying the fit of the data with the regression line,
was used to select the best fit model. The best fit model with maximum strain
as the response (dependent variable) consisted of the following factors (inde-
pendent variables): coating material, adhesive behavior, coating thickness, and
all possible interactions (binary and tertiary). The R-Square value from the re-
gression analysis of FZ, HZ, and LE (Bentil, 2013) descriptions for the coating
and/or brain was 0.76. A R-Square value of 0.81 was calculated from the regres-
sion analysis of FZ, HZ, and LE (Lee et al., 2005) descriptions for the coating
and/or brain. Figure 16 is a cube plot that illustrates the maximum strain
values as a function of the coating material, adhesive behavior, and thickness
from the statistical analysis where the linear elastic constants were described by
Bentil (2013) or Lee et al. (2005). The smallest maximum strain in the brain
tissue using FZ, HV, and linear elastic constants described by Bentil (2013) was
0.0058 and occurred when an 80 µm coating thickness and a FZ description
for both the brain and hydrogel coating on the silicon electrode was considered
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(figure 16a). The largest maximum strain (0.1973) in the brain tissue occurred
for a 5 µm coating thickness with a LE description for the brain and hydrogel-
coated silicon electrode. When considering FZ, HV, and linear elastic constants
described by Lee et al. (2005), the smallest maximum strain in the brain tissue
was 0.0058 and occurred when an 80 µm coating thickness and a FZ description
for both the brain and hydrogel coating on the silicon electrode was considered
(figure 16b). The largest maximum strain in the brain tissue was 0.1718 and
occurred for a 5 µm coating thickness with a HV description for the brain and
LE (Lee et al., 2005) hydrogel-coated silicon electrode. LE-SiLE did not yield
the maximum condition due to the increased mechanical mismatch between the
soft brain (HV) and rigid electrode with stiffer coating description using LE
properties provided by Lee et al. (2005). For both linear elastic descriptions,
the bonded adhesive condition yielded the minimum value for maximum prin-
cipal logarithmic strain in the brain. The optimization study confirmed that as
coating thickness increases, the maximum logarithmic strain in the brain tissue
will decrease.
40
Coating 
Material
FZ_SiFZ LE_SiLE
Ad
he
si
ve
 
Be
ha
vi
o
r
Bo
n
de
d
Fr
ic
tio
n
le
ss
Coating 
Thickness
5
80
0.07903 0.19728
0.02834 0.02573
0.03875 0.0341
0.00575 0.00872
µm
µm
(a)
0.07903 0.04049
0.02834 0.0039
0.03875 0.01404
0.00575 0.00216
Coating 
Material
FZ_SiFZ LE_SiLE
Ad
he
si
ve
 
Be
ha
vi
o
r
Bo
n
de
d
Fr
ic
tio
n
le
ss
Coating 
Thickness
5
80µm
µm
(b)
Figure 16: Cube plot of maximum principal logarithmic strain in the brain as a function
of coating material, adhesive behavior, and coating thickness using linear elastic constants
optimized by (a) Bentil (2013) and (b) Lee et al. (2005).
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An analysis of variance (ANOVA) was used to identify the parameters that
will guide and influence the design of coated electrodes. The significance level
for this statistical analysis was 0.05. Parameters that yielded p-values less than
0.05 were considered to be significant and will influence the strain response in
the brain. Table 3.7 summarizes the significant and non-significant parameters
for the best fit linear fixed effects model. The tertiary interaction between the
coating material, adhesive behavior, and coating thickness are higher order fac-
tors which were not significant, but may be used to describe random variations
in the maximum principal logarithmic strain.
Table 5: Parameters influencing coated-electrode design using maximum principal logarithmic
strain as a metric for micromotion to assess biocompatibility improvement. The significance
level for the linear fixed effects model was 0.05. Parameters with values less than 0.05 will
significantly effect the maximum principal logarithmic strain value in the brain.
Maximum Principal
Logarithmic Strain
Linear Fixed Effects Model Parameters Interaction †LE ††LE
Coating Material <0.0001 <0.0001
Adhesive Behavior <0.0001 <0.0001
Coating Thickness <0.0001 <0.0001
Coating Thickness * Adhesive Behavior binary <0.0001 <0.0001
Coating Thickness * Coating Material binary 0.0045 0.0059
Coating Material * Adhesive Behavior binary 0.0097 <0.0001
Coating Material * Adhesive Behavior * Coating Thickness tertiary 0.3798 0.0561
† LE material constants provided by Bentil (2013) was used in the regression
analysis.
†† LE material constants provided by Lee et al. (2005) was used in the regression
analysis.
4. Discussion and Conclusion
Polymer-based and silicon implantable electrodes with two- and three-dimensional
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surfaces, electrodes on flexible mesh substrates, and free-floating and untethered
wireless electrodes are examples of neural prosthetic designs available for record-
ing and stimulation in the central or peripheral nervous system (Maharbiz et al.,
2017; Cutrone et al., 2015; Xiang et al., 2016). Three-dimensional neural probes
are advantageous when compared to the two-dimensional counterpart since they
facilitate recording and stimulation at various layers within the cortex. Elec-
trodes on flexible mesh substrates enable electronic components (e.g. wireless
transmitters) to be integrated onto the substrate and conform to the curvature
of the brain (Xiang et al., 2016). Free-floating and untethered electrodes are
conducive for wireless continual transmission of signals using electromagnetic
backscattering (Maharbiz et al., 2017). Given the various electrode designs
available, our results only apply to implantable silicon-based electrodes. Our
work has shown that hydrogel-coated neural microelectrodes improve the bio-
compatibility of implanted silicon electrodes and is a viable solution to reduce
micromotion and scar tissue encapsulation associated with the use of these elec-
trodes (Kim et al., 2010; Schendzielorz et al., 2014). Coating electrodes that are
fabricated with biocompatible materials is not necessary if the mechanical prop-
erties of the electrode is comparable with neural tissue (Jorfi et al., 2015). The
use of biocompatible coatings result in a reduction in the mechanical mismatch
between the brain and rigid electrode, and therefore a reduction in the inflam-
matory response that would lead to microelectrode encapsulation by glia cells
(Sridharan et al., 2013). However, biocompatible hydrogel coatings can swell in
time and produce an inflammatory response in the brain. Although our study
did not consider swelling of the hydrogel coating, swelling is expected to decrease
with decreased strain magnitudes in the brain. The trend of decreasing swelling
with strain was predicted by the nonlinear, time-dependent, partial differential
equation developed by Lucantonio et al. (2014) to describe the relationship be-
tween one-dimensional swelling of elastomers bonded to an impermeable rigid
substrate and the influence of pre-stretch on solvent absorbtion.
Quantifying micromotion reduction using strain as a metric to assess bio-
compatibility improvement depends on the material model chosen for the finite
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element simulations. Lee et al. (2005) modeled the brain tissue as a linear elas-
tic material. However, the literature shows that the brain tissue is viscoelastic
(Galford and McElhaney, 1970; Miller and Chinzei, 1997). Thus, finite element
simulations were conducted using both the fractional Zener and hyperviscoelas-
tic constitutive model, since these models more closely resemble the viscoelastic
behavior of brain tissue (Bentil and Dupaix, 2014; Miller, 1999). The results
were compared with the linear elastic description of the brain. Additionally, our
research explored the benefit of a hydrogel-coated silicon electrode to reduce
micromotion. Lee et al. (2005) considered a brain described by a linear elastic
model using an uncoated silicon electrode. The magnitude of micromotion re-
duction for the FZ, HV, and LE constitutive model differed for strains greater
than 5% due to the varying stress-strain relationship. Constitutive models that
describe a stiffer brain tissue will encounter less micromotion. For strains less
than 5%, the choice of FZ, HV, or LE (Bentil, 2013) constitutive model for a
given adhesive condition and coating thickness will yield similar results. Future
work will include experiments to determine which constitutive model will best
describe micromotion reduction across a range of strains.
For all material models, the electrode coating thickness and the adhesive
condition influenced the strain distributions and electrode displacements. Our
work has shown that both the maximum principal strains and the maximum
electrode displacements can be used as metrics for assessing improvement in
the biocompatibility of hydrogel-coated neural electrodes. However, the magni-
tude of strains and displacements are sensitive to the constitutive model choice.
Thus, experiments will be conducted in the future to validate the finite element
simulations and quantify the appropriate strain and displacement magnitudes of
the implanted hydrogel-coated neural electrodes. Without experimental data,
the design guidelines for thickness and stiffness of hydrogel-coated neural elec-
trodes for reduced mechanical mismatch between the brain and electrode will
be challenging.
The maximum electrode displacements in FE simulations containing the LE
material model (constants from Lee et al. (2005)) for either the brain and/or
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hydrogel coating were always lower than the FZ and/or HV constitutive model
description for the brain-electrode aggregate. However, earlier work by Bentil
(2013) using pig brains suggested that the stiffness at small strains is approxi-
mately 9 times smaller than Lee et al. (2005) values. FE simulations using the
LE constants from Bentil (2013) yielded larger electrode displacements when
compared with Lee et al. (2005) and displacements that were similar to those
using the FZ and HV model. This suggests that the smaller maximum electrode
displacements obtained using linear elastic constants from Lee et al. (2005) are
because of the stiffer material response, and not the type of material model.
The percent difference in electrode displacement due to a 1 µN force bound-
ary condition applied to the uncoated silicon electrode in brain tissue described
using the linear elastic constants provided by both Lee et al. (2005) and Bentil
(2013) was 88%. This high percent difference was attributed to the Young’s
modulus of the brain provided by Lee et al. (2005) being 9 times stiffer. To
obtain comparable realistic physiological displacements as Lee et al. (2005) in
simulations that apply the fractional Zener, hyperviscoelastic, or linear elastic
(using Bentil (2013) constants) constitutive models, the force applied to the top
of the silicon electrode would need to be decreased by approximately 60%.
A constant material model, adhesive behavior, and hydrogel coating thick-
ness were considered in a finite element simulation to determine the optimal
hydrogel coating stiffness that would yield the most strain reduction in the
brain. The coating stiffness varied from a value similar to that of native brain
tissue to a value that approached the stiffness of the silicon electrode. A coat-
ing stiffness that is similar to brain tissue will yield the lowest strains. As the
coating becomes stiffer, the strain in the brain increases nonlinearly. The strain
magnitudes in the brain due to an implanted coated silicon electrode were lower
than the uncoated case, even when the stiffness of the coating was 60 times that
of brain tissue. This suggests that having a coating is beneficial at reducing
the mechanical mismatch for improved biocompatibility. Application of both a
fixed displacement and pressure to the silicon portion of the electrode was ex-
amined in the computational study to determine which boundary condition was
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effective at capturing the strain changes in the brain due to variable coating
stiffness. The fixed displacement condition should be applied in studies that
consider variable coating stiffness since the trend for improved biocompatibility
in the brain (reduction in strain due to a softer coating) will be the result. Be-
ing able to understand the effect of varying stiffness properties is important for
electrode coating design. Realistically, the hydrogel coating should be designed
such that it is stiff enough to withstand the forces present during the surgical
insertion procedure, while avoiding buckling and fracture (Singh et al., 2004).
Our simulation results suggest that large strains in the brain would be expected
when a stiff hydrogel coating is considered. Following insertion into the cor-
tex, the coating should soften to reduce the strains in the brain attributed to
the mechanical mismatch and improve the long term effectiveness of the neural
electrode (Jorfi et al., 2015). The aforementioned expectations for the hydrogel
coating make it necessary to examine the optimal stiffness value for the hydrogel
coating that will lead to a reduction of strain in the brain.
In this work, a fixed displacement boundary condition on the electrode was
found to capture the effect of strain reduction with reduced coating stiffness,
though it is hypothesized that in an actual application, neither constant dis-
placement nor constant pressure would be seen experimentally. An experimental
study is needed in the future to validate the appropriate displacement boundary
condition to use for capturing the actual strain bounds that will be present in
the brain due to an implanted neural electrode. The displacement from the
experimental study will aid in determining the appropriate hydrogel stiffness
for optimal strain reduction in the brain tissue. Experiments that examine the
influence of electrode adhesion with the brain will also be beneficial for defin-
ing the appropriate contact condition in the FE model and understanding the
influence of the adhesive case on the chosen constitutive model.
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Appendix A. Algorithm for the Fractional Zener (FZ) Constitutive
Model to be used in an ABAQUS UMAT File
This appendix summarizes the algorithm for the three-dimensional fractional
Zener constitutive model (figure A.1) that was incorporated into the finite ele-
ment analysis. The UMAT (user defined material) subroutine was written using
the programming language FORTRAN. A list of symbols used for implement-
ing the algorithm are described in Appendix A.1. The FZ UMAT algorithm is
presented in Appendix A.2.
Network A
Network B
(α, E 3 , τ) 
E1  
E2  
 σ   ε 
Figure A.1: Fractional Zener constitutive model that was numerical implemented in the finite
element package ABAQUS using the UMAT subroutine. Network A represents the linear
spring component and Network B describes the fractional Maxwell component.
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Appendix A.1. List of Symbols
Symbol Description
α Fractional Order
ε Strain (scalar)
ε Strain (tensor)
θ Specifies the implicitness of the integration in general form∗
ν Poisson’s Ratio
σ Stress (scalar)
σ Stress (tensor)
τ Relaxation time
cj(α) Coefficients from truncation of Gru¨nwald’s algorithm of differential-integration
Dα(·) Fractional derivative operator of order α
d Fractional Element (Network B)
dev Deviatoric Part
E Young’s Modulus
e Elastic Component (Network A)
FM Fractional Maxwell Component (Network B)
G Shear Modulus
K Bulk Modulus
n Increment Number
vol Volumetric Part
εdFM,vol Volumetric component of strain
∗∗
∆t Time Increment
n(·) Value of the function at time n∆t
n+1(·) Value of the function at time (n+ 1)∆t
nε−dFM Complete viscous strain history
∗∗∗
∗ θ ∈ (0, 1]. θ = 0.5 yields the “Classical Midpoint Rule” and θ = 1 is the “Backward Euler
Rule”.
∗∗ Volumetric strain for the fractional element located in the fractional Maxwell component.
∗∗∗ Strain history is captured by the fractional element in the fractional Maxwell component.
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Appendix A.2. Equations for Implementing FZ UMAT
The equations required for implementing the FZ UMAT were adapted from
Enelund et al. (1999) and Gil-Negrete et al. (2009). The three-dimensional FZ
constitutive model is described as:
σTotal = σNetwork A + σNetwork B
= σe + σFM.
(A.1)
Decomposition of equation (A.1) into the volumetric part yields:
σvol = σe,vol + σFM,vol
= 3Keεvol + 3KFM
(
εvol − εdFM,vol
)
,
(A.2)
where:
Ke =
E1
3 (1− 2ν) and KFM =
E2
3 (1− 2ν) .
Decomposition of equation (A.1) into the deviatoric part yields:
σdev = σe,dev + σFM,dev
= 2Geεdev + 2GFM
(
εdev − εdFM,dev
)
,
(A.3)
where:
Ge =
E1
2 (1 + ν)
and GFM =
E2
2 (1 + ν)
.
Equations (A.2) and (A.3) cannot be numerically evaluated without first
integrating equations (A.4) and (A.5) to yield εdFM,vol and ε
d
FM,dev, respectively.
σvol = σe,vol + σFM,vol
= 3Keεvol + 3bvolD
αvol
(
εdFM,vol
)
,
(A.4)
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σdev = σe,dev + σFM,dev
= 2Geεdev + 2bdevD
αdev
(
εdFM,dev
)
,
(A.5)
where:
bvol = τ
αvolKFM
(
E3
E2
)
and bdev = τ
αdevGFM
(
E3
E2
)
.
The time integration procedure performed in the UMAT, which leads to the
numerical solution for the updated stress and strain in Network B, is provided
by equations (A.6) and (A.7) for the volumetric component.
n+1σFM,vol =
n+1σddFM,vol + c0A∆σ
de
FM,vol, (A.6)
n+1εdFM,vol =
1
c0
[
nε−dFM,vol +
(
GFM (∆t)
αvol
bvol
)(
1
3KFM
)(
θ n+1σFM,vol + (1− θ) nσFM,vol
)]
.
(A.7)
where:
n+1σddFM,vol = A
[
GFM (∆t)
αvol
bvol
(θ − 1) + c0
]
nσFM,vol + 3KFMA
(
c0
nεdFM,vol − nε−dFM,vol
)
,
∆σdeFM,vol = 3KFM (∆εvol)
= 3KFM
(
n+1εvol − nεvol
)
,
A =
[
GFM (∆t)
αvol
bvol
θ + c0
]−1
,
nε−dFM,vol = −
n∑
j=1
cj (αvol)
n+1−j
εdFM,vol,
cj (αvol) =
(
j − 1− α
j
)
cj−1 (αvol) ,
c0 (αvol) = 1.
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The updated stress and strain in Network B for the deviatoric component
is obtained in a similar fashion and is provided by equations (A.8) and (A.9),
respectively.
n+1σFM,dev =
n+1σddFM,dev + c0B∆σ
de
FM,dev, (A.8)
n+1εdFM,dev =
1
c0
[
nε−dFM,dev +
(
GFM (∆t)
αdev
bdev
)(
1
2GFM
)(
θ n+1σFM,dev + (1− θ) nσFM,dev
)]
.
(A.9)
where:
n+1σddFM,dev = B
[
GFM (∆t)
αdev
bdev
(θ − 1) + c0
]
nσFM,dev + 2GFMB
(
c0
nεdFM,dev − nε−dFM,dev
)
,
∆σdeFM,dev = 2GFM (∆εdev)
= 2GFM
(
n+1εdev − nεdev
)
,
B =
[
GFM (∆t)
αdev
bdev
θ + c0
]−1
,
nε−dFM,dev = −
n∑
j=1
cj (αdev)
n+1−j
εdFM,dev,
cj (αdev) =
(
j − 1− α
j
)
cj−1 (αdev) ,
c0 (αdev) = 1.
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